Introduction {#s1}
============

First amyloid-like deposits were found more than a hundred years ago. Nowadays we know tens of different diseases which are related to protein amyloid-like fibril formation. Numbers of other, disease-unrelated proteins can aggregate into amyloid-like fibrils under certain conditions. One of the hypotheses proposes fibrillar structure to be generic for all proteins [@pone.0068684-Chiti1]. It is suggested that fibrils are formed via nucleated growth (also known as "nucleation-elongation") mechanism. Nucleation is rather a stochastic process - even at identical conditions, lag times of the fibrillation may differ [@pone.0068684-Hortschansky1], [@pone.0068684-Foder1]. Once the first nucleus is formed, elongation process starts. While just several molecules may be enough to form nucleus, it can recruit thousands of molecules upon fibril elongation. Elongation is usually faster process than nucleation. Moreover, fibrils can elongate under conditions, not favorable for nucleation. Taken together, it suggests that the main driving force of amyloid formation lays in elongation.

Several different approaches were used to describe the process of protein amyloid-like fibril formation as a mathematical function. From simple logistic equation to describe nucleated growth [@pone.0068684-Naiki1], [@pone.0068684-Nielsen1] and first-order kinetics to describe elongation [@pone.0068684-Naiki1], [@pone.0068684-Esler1], [@pone.0068684-Naiki2], to more complicated three-step polymerization model [@pone.0068684-Cannon1] and even comprehensive models taking into account a sum of possible events such as primary nucleation, elongation and secondary nucleation (as breaking or branching of fibrils) [@pone.0068684-Xue1]--[@pone.0068684-Cohen1]. However, these models still have some issues. Most common is an imperfect fit when applied to an experimental data. It may be a problem of both, the model, which may miss some of the processes involved in the fibrillation, and the data, which may be affected by fibrillation-unrelated processes. Thus to get a perfect fit by any model, the process of aggregation must be strictly controlled to make sure the data would not involve any processes, not described by the model. Our idea was to design the most simple amyloid-like fibril formation experiment which would involve the least number of different processes and thus could be fitted by a simple model. The only aggregation process, which can be separated from others, is fibril elongation. It can be initiated by adding fibrils to a protein solution. Concentration of fibrils and conditions of the reaction can be optimized to avoid primary nucleation. Secondary nucleation can be minimized by avoiding any kind of agitation.

It was noticed that elongation of fibrils is very similar to an enzymatic reaction [@pone.0068684-Chatani1] and even analyzed using Michaelis-Menten equation [@pone.0068684-Scheibel1]. Growing ends of the fibril play role of the enzyme active site while monomers or oligomers play role of the substrate. Increase in mass of fibril mimics the product of enzymatic reaction. We applied the best-known model of enzyme kinetics, Michaelis-Menten equation, to describe the process of amyloid-like fibril elongation. Typical enzymatic reaction involves substrate binding and catalysis steps and can be summarized as:where E is enzyme, S - substrate, ES - enzyme-substrate complex, and P - product. Elongation of fibrils can be described similar way:where F is fibril, M - monomer (in fact, we can't rule out the possibility of fibril elongation through attaching oligomers, but to keep the model as simple as possible we use M), and FM is a short-living complex, which exists from the moment when monomer attaches to the fibril until it's completely incorporated. The rate of fibril elongation can be described by Michaelis-Menten equation:where is concentration of monomer, is the maximum rate (, - rate constant of the FM complex maturation into longer fibrils, and is concentration of fibril ends), and is Michaelis constant (, and are rate constants of monomer binding to the fibril and FM complex dissociation, respectively).

Results and Discussion {#s2}
======================

Ultrasonic treatment is often used for preparation of fibril seeds in studies of amyloid-like aggregation. It breaks fibrils into shorter pieces [@pone.0068684-Serio1], [@pone.0068684-Chatani2] increasing number of fibril ends and accelerating elongation rate without a change of total protein concentration. In addition it also leads to more homogenous suspension [@pone.0068684-Chatani2], which is very important for reproducibility of results when working with high concentration of proteins. Scientists around the world use a number of different devices, such as different ultrasonic baths [@pone.0068684-Chatani2], [@pone.0068684-Dzwolak1] or homogenizers with microprobes [@pone.0068684-Serio1], [@pone.0068684-Saboro1]. In each case there are a number of different factors which can influence efficiency of sonication. Due to this fact we checked the efficiency of our sonication setup before proceeding to further experiments. Sonication in a bath is much less efficient and highly dependent on properties of sample tubes. We observed difference in efficiency of sonication when using thin-walled tubes versus usual tubes (data not shown). Microprobes can be inserted into the sample, thus sonication efficiency is much less dependent on properties of tubes. [Figure 1](#pone-0068684-g001){ref-type="fig"} shows a comparison of fibril elongation kinetics using seeds prepared by different sonication times. There is \>10 times difference in rates of elongation while using unsonicated vs. sonicated fibrils as seeds. The time of sonication is also important, though every additional pulse of 30 seconds is less efficient, probably because shorter fibrils are mechanically more stable. For all further experiments we used ten 30 s cycles of sonication.

![Influence of sonication.\
Different number of 30 s pulses were applied to fibrils before using them as seeds. Kinetics of elongation followed by Thioflavin T (ThT) fluorescence assay.](pone.0068684.g001){#pone-0068684-g001}

As seen in [Figure 2](#pone-0068684-g002){ref-type="fig"}, elongation curve, observed using 10% of sonicated seeds, shows a very good fit with Michaelis-Menten equation (). To ensure reliability of the fit, we tested errors of fitted and values for a number of samples within the same batch preparation, and for several different batches. In all repeats fitting errors were lower than 5%. Distribution of and values within repeated experiments of the same batch preparation was very even, not exceeding fitting errors. The data looks much more scattered when different batches are compared ([Table 1](#pone-0068684-t001){ref-type="table"}). Fluctuations of should be attributed to uneven number of fibril ends within each batch. It happens mostly due to the stochastic nature of spontaneous fibril formation. Although sonication helps to homogenize the sample, fibril lengths still may slightly differ from sample to sample. After sonication short pieces of fibrils tend to get together spontaneously ([Figure 3](#pone-0068684-g003){ref-type="fig"}), which is an additional factor for the differences between batches. It is clear that random events in preparation of seeds are way more important for the repeatability of values than possible events during measurement of elongation kinetics and fitting errors. It is more problematic to explain differences in values. There is no direct correlation in fluctuations of and values between batches, which means no major differences in FM complex maturation rate. Thus the only valid guess would be shift of the equilibrium of FM complex formation. But such event also hardly explainable. It means the main responsibility for uncertain values goes to the measurement of kinetics and to the fitting. As theoretically Michaelis constant should be independent on batch preparation, we tried to increase precision of obtained values by doing a global fit of all measurements with shared . Correlation of the global fit was similar to independent fits (). Obtained and values fits average and values obtained through independent fits ([Table 1](#pone-0068684-t001){ref-type="table"}). It seems global fit does not significantly change the meaning of the data, but give more fine tuning of fitted values leading to better precision.

![Insulin fibril elongation kinetics - experimental data and fitted curve.\
The curve reaches the plateau when all insulin is converted to fibrils (*F~t~*  =  *M~tot~*).](pone.0068684.g002){#pone-0068684-g002}

![Transmission electron microscopy images.\
Spontaneously formed insulin amyloid-like fibrils before (A) and after (B) ten 30 s pulses of sonication (bar 1 *µ*m).](pone.0068684.g003){#pone-0068684-g003}
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###### Fitted *K~M~* and *v~max~* values.

![](pone.0068684.t001){#pone-0068684-t001-1}

                               without NaCl                   with 100 mM NaCl                
  ------------ --------------------------------------------- ------------------ ------------- -------------
  1             331.84±4.87[c](#nt103){ref-type="table-fn"}      22.30±0.23      98.45±4.68    20.23±0.35
  2                            260.29±13.47                      11.70±0.22      59.26±1.65    13.17±0.19
  3                             249.77±7.31                      15.94±0.24      58.86±4.47    14.90±0.14
  4                            438.26±22.12                      20.79±0.66      185.95±8.73   20.60±0.48
  5                             246.22±6.09                      15.60±0.18      72.55±2.17    16.33±0.30
  6                             289.68±5.77                      22.48±0.36      131.01±7.38   25.45±1.01
  7                             279.88±8.79                      17.49±0.26      78.56±7.01    20.49±0.74
  8                             316.10±4.88                      20.35±0.18      98.74±3.73    21.49±0.27
  9                             276.95±9.58                      15.00±0.23      71.36±2.56    16.81±0.15
  average                      298.80±45.80                      17.96±2.86      94.97±31.59   18.83±2.93
  global fit                    268.28±4.50                      17.26±2.06      79.77±3.05    17.074±1.77

Preparation and measurement of batches 1--5 and 6--9 were done by different persons.

fit with shared *K~M~*.

standard errors for all data were calculated using Student's t-distribution at P = 0.05.

For an additional test, we added the same amount of seeds to different concentrations of insulin solution and used Lineweaver-Burk plot as a traditional approach to determine and . As seen in [figure 4](#pone-0068684-g004){ref-type="fig"}, dependence on is linear and determined and are comparable to the values, obtained by curve fitting.

![Lineweaver-Burk plot for fibril elongation.\
Rates of elongation were measured at the point , errors of elongation rates were estimated using the data from 5 different batches of seeds.](pone.0068684.g004){#pone-0068684-g004}

As it is well known, the presence of NaCl may affect kinetics [@pone.0068684-Nielsen1] and even mechanism [@pone.0068684-Smirnovas1] of insulin amyloid-like fibril formation. To get data for an additional test of enzyme-like elongation model we did parallel seeding experiments in the presence of 100 mM NaCl using the same batch seed preparations. Data curves were a bit worse quality when compared to the ones without salt due to a slow drift of data points after reaching plateau ([Figure 5](#pone-0068684-g005){ref-type="fig"}). Nevertheless it had only minor effect on the quality of the fit (). Fitting data revealed no major differences in values between samples with and without NaCl. It means rate of FM complex maturation into longer fibril is not affected by ionic strength. values in the presence of NaCl is times lower than in the absence of salt. It means shift of the equilibrium towards FM complex formation. It is an expectable event: at low pH insulin molecules are positively charged so fibril-monomer electrostatic interactions are not favourable, while increase of ionic strength of the environment lowers impact of charge and increase the rate of fibril-monomer association.

![Comparison of insulin fibril elongation kinetics in absence and presence of 100 mM NaCl.](pone.0068684.g005){#pone-0068684-g005}

We demonstrated that Michaelis-Menten enzyme-like kinetics can be a very good model to describe fibril elongation when experimental conditions minimize events of primary and secondary nucleation. By comparing a number of batches we showed possible errors when relying on the single experiment and an increase of precision when all repeats are used together. Finally, analysis of experimental fibril elongation data using Michaelis-Menten equation can better explain impact of environmental conditions. The advantage of such approach is ability to study elongation almost independently from other events, such as nucleation, termination or fragmentation. Any of these events affects the number of fibril ends, which leads to substrate-concentration-independent changes of elongation rate. In such case becomes variable, which means that a good fit using Michaelis-Menten equation is very unlikely. From the other side, the same reason makes the application of this approach rather narrow. Nevertheless, in light of possible generic nature of amyloid-like fibrils [@pone.0068684-Chiti1] and an emerging idea of prion-like nature of amyloid fibrils [@pone.0068684-Westermark1]--[@pone.0068684-Lee1] a simple model with clearly defined variables has a chance to evolve into a tool for classification of amyloid-like fibrils by their elongation potential at different conditions (which at some point may evolve to "infectivity potential").

Materials and Methods {#s3}
=====================

Recombinant human insulin was purchased from Sigma Aldrich (91077C). Insulin amyloid-like fibrils were prepared by incubation of fresh 5 mg/ml insulin solution (in 100 mM phosphate buffer (PB), pH2; prepared in secure lock tubes, Fisher Scientific UK, (FB74071)) at 60°C for 24 hours with 300 rpm agitation (using MHR 23 thermomixer, Ditabis, Germany). To homogenize aggregated material and maximize concentration of fibril ends, fibrils were subjected to ultrasonic treatment. 1 ml of fibrils were put into 2 ml tube and homogenized for 10 minutes using Bandelin Sonopuls 3100 ultrasonic homogenizer equipped with MS73 tip (using 50% of power, cycles of 30 s/30 s sonication/rest, total energy applied to the sample per cycle ∼ 0.56 kJ). The sample was kept on ice during the sonication. Right after the treatment, 1 part of the fibrils were mixed with 9 parts of the fresh 5 mg/ml (to obtain Lineweaver-Burk plot 10, 2.5, and 1.25 mg/ml were also used) insulin solution (100 mM PB, pH2, with or without 100 mM NaCl), containing 50 Thioflavin T (ThT). Each batch was divided into 20 ml aliquots (in 200 ml thin-wall PCR tubes). Elongation kinetics was measured at constant 37°C temperature using Corbett Rotor-Gene 6000 real-time analyzer. Increase of ThT fluorescence intensity upon fibril formation was observed using green channel (excitation 470 nm; emission 510 nm). Data was collected for up to 900 minutes, taking reads every minute.

ThT fluorescence curves were normalized by dividing each point by the maximum intensity of the curve. Assuming ThT fluorescence curves represent change of fibril mass in time, the fitting equation looks like:where is fibrillated protein concentration at time , - fibrillated protein concentration at time , - iteration time interval, and is the total protein concentration. There are 4 constants (, , , and ), which can be fitted using least square method. [Figure 2](#pone-0068684-g002){ref-type="fig"} shows a fit of our experimental data using 1 minute iteration interval (same as our data spacing). Direct curve fit gives values of the constants in arbitrary units. As used in our experiments is known (5 mg/ml), other constants can be converted from arbitrary units to real units using the same proportion. Fitting was performed using Origin 8 software.

For electron microscopy 3 *µ*l of 20 times diluted (with water) samples were applied on formvar/carbon coated 300 mesh copper grids (Agar scientific) for 1 minute. Staining was performed by applying 3 *µ*l of 2% uranyl acetate aqueous solution for 30 seconds. Images were acquired using FEI Morgagni 268 microscope.
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